The major carotenoid pigment of a psychrotrophic Micrococcus roseus strain was purified to homogeneity from methanol extracts of dried cells by reverse-phase liquid chromatography and was designated P-3. On the basis of the UV-visible, infrared, mass, and 'H nuclear magnetic resonance spectra of P-3, it was identified as bisdehydro-,-carotene-2-carboxylic acid. The pigment interacted with synthetic membranes of phosphatidylcholine and dimyristoyl phosphatidylcholine and stabilized the membranes. These results also indicate that P-3 is different from canthaxanthin, the major carotenoid pigment from a mesophilic M. roseus strain.
The major carotenoid pigment of a psychrotrophic Micrococcus roseus strain was purified to homogeneity from methanol extracts of dried cells by reverse-phase liquid chromatography and was designated P-3. On the basis of the UV-visible, infrared, mass, and 'H nuclear magnetic resonance spectra of P-3, it was identified as bisdehydro-,-carotene-2-carboxylic acid. The pigment interacted with synthetic membranes of phosphatidylcholine and dimyristoyl phosphatidylcholine and stabilized the membranes. These results also indicate that P-3 is different from canthaxanthin, the major carotenoid pigment from a mesophilic M. roseus strain.
Carotenoid pigments are present in a wide variety of bacteria, algae, fungi, and plants (1, 23) . In photosynthetic organisms, carotenoids are closely associated with the photosynthetic membranes, and they help in harvesting and transferring light energy to chlorophyll and also protect the photosynthetic apparatus against photooxidation (34) . Carotenoid pigments are also present in a wide variety of nonphotosynthetic bacteria and serve as an important taxonomic marker for the identification of isolates of a particular genus, such as Flavobacterium (11) , or for the identification of species of a particular genus, such as Micrococcus (15) . Bacteria belonging to the genus Micrococcus may be yellow, yellowish green, or orange as in Micrococcus luteus; dark yellow as in M. varians; pink or red as in M. roseus and M. radiodurans; dark rose-red as in M. agilis; or cream or white as in M. lylae, M. kristinae, M. nishinomiyaensis, M. sedentarius, and M. halobius (15) .
In the genus Micrococcus, the chemical nature of pigments has been determined so far only for two mesophilic species. For M. luteus, it was found to be a dihydroxy C50 carotenoid (35) (36) (37) , and for M. roseus the pigments were found to be mainly a or 1B carotene derivatives, with canthaxanthin as the main pigment (3, 28, 38) . Studies have indicated that carotenoids in M. roseus do not protect the bacterium against photodynamic killing (29) .
In our studies on the taxonomy of bacteria and yeasts of Schirmacher Oasis, Antarctica, 10 Pseudomonas isolates (33) were not pigmented; isolates included seven Arthrobacter isolates (31) , three Micrococcus isolates, two Planococcus isolates (32) , two Sphingobacterium isolates (30a), and three yeasts of the genus Rhodotorula (25) . The Preparation of dehydro-f-carotene and bisdehydro--carotene. Dehydro-13-carotene and bisdehydro-1-carotene were prepared by using 1-carotene as the starting material (45) . NBS (130 mg) was added to a solution of 200 mg of ,B-carotene in 60 ml of carbon tetrachloride, and the solution was refluxed for 6 h in the dark under a nitrogen atmosphere. of (B) P-carotene (peak 1), dehydro-1-carotene (peak 2), and bisdehydro-,B-carotene (peak 3), resolved by using a C-18 reverse-phase column. P-1 to P-S refer to the five pigments in M. roseus. The inset shows the homogenous peak of P-3 (collected from panel A and rechromatographed).
The two carotenoids (dehydro-1-carotene and bisdehydro- MHz spectrometer by using CDCl3, with tetramethylsilane used as an internal standard.
RESULTS
Extraction and purification of the pigment. The procedure used (13) in the present investigation was highly efficient and effective in totally extracting the pigment from freeze-dried cells of M. roseus into methanol. The cell pellet and the methanol extract after the first cycle of extraction were pale pink and red, respectively. Subsequent extraction with methanol rendered the cell pellet white, but a little pigment could be detected spectrophotometrically in the methanol layer. Hence, pigment extraction from the cells with methanol was done twice. The procedure was carried out at room temperature, and all the glassware was covered with aluminum foil to protect the pigment from light. Reverse-phase HPLC of the crude pigment in methanol yielded five pigments, P-1 to P-5 (Fig. 1A) , of which pigment 3 (P-3) was the major one (73%) ( Table 1 ). The five isolated pigments IR spectrum of P-3. The major pure pigment, P-3, isolated by HPLC was used to obtain complete spectral data (IR, UV-visible absorption, mass, and 1H-NMR spectra) to determine its structure. The IR spectrum of P-3 indicated the presence of a carboxylic group (18) (characterized by the peaks at 3,500 and 1,735 cm-1) and showed bands due to CH stretching and C=C stretching and many other bands.
UV-visible absorption spectra of pigments P-1 to P-5. UVvisible absorption spectra of carotenoid pigments are of immense importance, since they aid a great deal in determining the structure of carotenoids (8) . Table 1 gives the absorption maxima of the five isolated pigments, the predicted number of double bonds in each of the pigments, and the percentage of total pigment of each pigment. The UVvisible absorption spectra of all the pigments (P-i to P-5) appeared to be identical and exhibited a fine structure, with three absorption maxima at 466, 493, and 523 nm. The UV-visible absorption spectrum for the isolated pigment P-3 is given in Fig. 2 . The clear three-band shape of the absorption spectrum of P-3 is characteristic of carotenoids and further reflects its purity. Comparison of the absorption maxima of P-3 with the absorption data available for various other carotenoids suggested the presence of 13 conjugated double bonds in P-3; further comparison also suggested the presence of ,B-cyclic end groups. The fine structure in the absorption spectrum suggested that the carboxylic group (identified on the basis of IR and mass spectra) is not in conjugation with the 13-double-bond polyene chain but is probably present on one of the cyclic ends of P-3. The nonappearance of the "cis peak" in the UV region of the absorption spectrum of the pigment allowed us to predict that P-3 is in all trans configuration. The unequivocal identification of the pigment as a carotenoid stems from the solvent-induced bathochromic shift observed for the absorption spectrum of P-3 (Table 2) . Further, the spectra of dehydro-3-carotene (12 double bonds) indicated that the absorption spectrum of bisdehydro-1-carotene, with 13 conjugated double bonds, perfectly matched that of P-3 ( Table 1 ), suggesting that P-3 has the same number of double bonds as bisdehydro-,Bcarotene and probably has the same skeleton.
Mass spectrum of P-3. Figure 3 depicts the mass spectrum and the proposed structure of P-3. The mass spectrum of the pigment displayed an [M'] at mlz 576, corresponding to molecular formula C41H5202 with a high degree of unsaturation. A peak at m/z 470 (M-106) is characteristic of a carotenoid (5). Identification of a carboxylic group present in the pigment stems from the fragments arising from M-44, M-68, and M-84 in the mass spectrum. The peak at mlz M-56 represents one cyclic end of pigment which does not have any substitution, whereas the peaks at m/z M-68 and M-84 correspond to the other cyclic end carrying a carboxylic group at position 2. Similarly, the peaks at mlz M-56, M-121, and M-134 represent fragments originating from the noncarboxylic end of the pigment, whereas peaks at mlz M-84, M-165, and M-178 represent fragments originating from the carboxylic end. The proposed tentative structure "bisdehydro-13-carotene-2-carboxylic acid" is consistent with mass spectral and UV-visible data. Further, the proposed structure is supported by NMR data.
'H-NMR spectrum of P-3. The 'H-NMR spectrum of P-3 (300 MHz in CDCl3) showed olefinic protons between the 5 and 7 8 regions and methyls and aliphatic protons in the (Fig. 4) . Localization of pigment in M. roseus. The sonicated suspension of M. roseus following differential centrifugation indicated the presence of the pigment in the low-speed 1,000
x g pellet (which consisted of unbroken cells and lumps of broken or unbroken cells), in the 1,000 x g supernatant, and in the 25,000 x g pellet (which is likely to contain cell walls and cell membranes). Trypsin treatment did not release the pigment from the 25,000 x g pellet. The pigment could be easily extracted with methanol from the 25,000 x g pellet, and the UV-visible spectrum was identical to that of the crude pigment extracted from intact cells and to those of P-1 to P-5. Hence, the pigment was directly extracted from the intact cells of M. roseus.
Interaction of P-3 with membrane vesicles. The binding of P-3 to PC and DMPC vesicles was studied by using the fluorescent probes ANS and pyrene (Fig. 5) . The binding of ANS to PC and DMPC was accompanied by large enhancements in the intensity of the fluorescence emission peak, with DMPC vesicles showing greater changes in intensity than PC vesicles ( Fig. 5A and B) . Further, the emission peak of ANS was blue shifted from 515 nm to 485 and 480 nm in the presence of PC and DMPC vesicles, respectively. The addition of P-3 to PC and DMPC vesicles in the presence of ANS quenched the fluorescence of ANS, and the quenching was observed to be dependent on the amount of pigment added ( Fig. 5A and B) . The pigment by itself did not alter the fluorescence intensity of ANS and did not shift the emission maximum. The emission spectra of pyrene incorporated into PC and DMPC vesicles are shown in Fig. 5C excimer/monomer (E/M) emission intensity ratio of pyrene in DMPC was greater than in PC, indicating that DMPC is more fluid. The pigment does not on its own decrease the E/M ratio of pyrene, but it decreased the E/M ratio in a concentration-dependent manner when added to vesicles of DMPC and PC (Fig. 5C and D) .
DISCUSSION
Polar organic solvents such as acetone and methanol have been extensively used for the extraction of carotenoids from bacteria (2, 3, 14, 16, 24, 27) . In the present investigation, two extractions with methanol liberated all the pigment from 7916 JAGANNADHAM ET AL. J. BACTERIOL. the psychrotrophic M. roseus strain. We chose this extraction procedure and avoided the use of NaOH, KOH, and phenol because these agents are known to affect the stability of carotenoids (22) . The present method of extracting pigment from the psychrotrophic M. roseus strain with methanol closely resembles the method described by Cooney et al.
(3) for the mesophilic M. roseus strain but differs from that of Nelis and De Leenheer (22) , who observed that only a small fraction of the pigment of the mesophilic M. roseus strain was extractable with methanol.
HPLC has been used in the past for the purification of carotenoids from bacteria by employing normal-phase chromatography (7, 14, 16, 24, 27) . However, since normal-phase chromatography is more variable (7) than reverse-phase chromatography, the latter method has now become more popular (20) (21) (22) and has been used in conjunction with a photodiode array detector. Reverse-phase chromatography was used in the present investigation to purify the major carotenoid pigment from a psychrotrophic M. roseus strain from Antarctica (32) . The carotenoids resolved into five distinct pigments, P-1 to P-5, and the absorption spectra of the pigments were simultaneously recorded with the help of the on-line photodiode array detector.
Earlier studies on the isolation and characterization of carotenoid pigments from a mesophilic M. roseus strain (ATCC 516) indicated the presence of at least nine pigments, of which six were identified as 3-hydroxy-4,4'-diketo-3-carotene (phoenicoxanthin), dihydroxy-3,4-dehydro-a-carotene, dihydroxy-ax-carotene, diketo-a-carotene, polyhydroxya-carotene, and 4,4'-diketo-,-carotene (canthaxanthin) (38) .
It was also observed that canthaxanthin was the major pigment in M. roseus (3) .
The psychrotrophic M. roseus strain was also found to contain a number of carotenoid pigments (at least five), but none of them were similar to the pigments described above. All of them exhibited a fine structure in their absorption spectra and were distinctly different from canthaxanthin. It is difficult to understand the reasons for this total lack of similarity between the carotenoids of strains of the same bacterial species that have adapted to different conditions. Our attempts to detect canthaxanthin, the major carotenoid of the mesophilic M. roseus strain, in the Antarctic strain has been unsuccessful. Recently, in fact, Nelis and De Leenheer (22) also failed to find canthaxanthin in M. roseus CCM 839 and reported that the major pigment exhibited a fine structure, as observed by us, but they did not characterize it. Both of these earlier studies were of carotenoids of mesophilic M. roseus strains; the first group used M. roseus ATCC 516, and the other used M. roseus CCM 839. However, only Cooney and coworkers have characterized the carotenoid pigments from M. roseus (3, 38) . Hence, our results are compared only with their findings.
On the basis of UV-visible, IR, mass, and 'H-NMR spectrum data, our results indicate that P-3, which constitutes 73% of the total carotenoid of M. roseus, is bisdehydro-,-carotene-2-carboxylic acid. The characteristics of P-3 are as follows: (i) it is a polar carotenoid, with fine structure in its absorption spectrum, and exhibits solvent-induced bathochromic shift; (ii) it has a polyene chain of 13 conjugated double bonds with P-cyclic end groups; (iii) its geometrical configuration is all trans; (iv) it is a C41 carotenoid with a molecular weight of 576 and with one end carboxylated; and (v) its 'H-NMR spectrum indicates that it has olefinic, allylic, and aliphatic hydrogens.
All five pigments (P-i to P-5) exhibited identical peaks in their absorption spectra at 466, 493, and 523 nm, indicating that they all possess the same chromophore of 13 double bonds and probably differ only in the type of functional groups they contain.
Carotenoids are known to act as photochemical buffers and thus protect photosynthetic and chemosynthetic organisms from photodynamic killing (9, 17) . In M. roseus, however, carotenoids do not appear to protect the cells from photodynamic killing (29) . In fact, cells of M. roseus in which carotenoid biosynthesis was stopped with diphenylamine showed very small amounts of carotenoids but exhibited greater resistance to photodynamic killing than did the pigmented wild-type M. roseus. However, considering that carotenoids are generally associated with either the cell membrane (26) or the cell wall (4, 42, 44) , these pigments may by their interactions alter these structures. Earlier studies demonstrated that the M. roseus cell wall consists of polysaccharides (with galactosamine as the amino sugar), lipids, amino acids, and a peptidoglycan consisting of lysine and alanine (15, 32) . Hence, the effect of P-3 on synthetic membranes was studied by using the fluorescent probes ANS and pyrene. The addition of P-3 to PC and DMPC vesicles in the presence of ANS quenched the fluorescence of ANS in a concentration-dependent manner. This would be possible only if the pigment was binding to the vesicles and perturbing the membranes. ANS binding is known to depend on the nature of the membrane, with more disordered membranes accommodating greater amounts of ANS (19) .
Binding of extraneous molecules like P-3 to membrane vesicles may lead to changes in the fluidity of membranes which could be monitored by using pyrene. The fluorescence emission intensity of the excimer peak of pyrene (470 nm) can be conveniently used to monitor membrane fluidity (30, 41) , since the formation of the excimer is related to the lateral mobility of pyrene molecules in the lipid phase (6, 40) .
The addition of pyrene to PC or DMPC vesicles decreased the E/M ratio of pyrene in a concentration-dependent manner. Hence, it appears that the pigment decreases the fluidity of PC and DMPC vesicles and thus stabilizes the membranes. Earlier studies also indicated that carotenoid-rich membranes are less fluid than carotenoid-poor membranes (12) , but the physiological significance of this observation is still unknown. Further, it is also not known whether carotenoids, by their ability to rigidify membranes, influence the survival of microorganisms at low temperatures. In fact, what is known is that when cells are shifted to temperatures below their ambient temperature, they respond by increasing the proportion of unsaturated fatty acids in the membrane (10), thereby increasing the fluidity of membranes by increasing the disorder in the lipid bilayer (39) . Such fluidity changes occur only at suboptimum temperatures, not at temperatures near the optimum, at which a more rigid membrane is probably required. Hence, carotenoids, by their ability to rigidify membranes, may have an important role to play at temperatures near the optimum.
